a b s t r a c t Doxorubicin (DOX), one of the most effective anticancer drugs, is known to generate progressive cardiac damage, which is due, in part, to DOX-induced reactive oxygen species (ROS). The elevated ROS often induce oxidative protein modifications that result in alteration of protein functions. This study demonstrates that the level of proteins adducted by 4-hydroxy-2-nonenal (HNE), a lipid peroxidation product, is significantly increased in mouse heart mitochondria after DOX treatment. A redox proteomics method involving two-dimensional electrophoresis followed by mass spectrometry and investigation of protein databases identified several HNE-modified mitochondrial proteins, which were verified by HNE-specific immunoprecipitation in cardiac mitochondria from the DOX-treated mice. The majority of the identified proteins are related to mitochondrial energy metabolism. These include proteins in the citric acid cycle and electron transport chain. The enzymatic activities of the HNE-adducted proteins were significantly reduced in DOX-treated mice. Consistent with the decline in the function of the HNE-adducted proteins, the respiratory function of cardiac mitochondria as determined by oxygen consumption rate was also significantly reduced after DOX treatment. Treatment with Mn(III) mesotetrakis(N-n-butoxyethylpyridinium-2-yl)porphyrin, an SOD mimic, averted the doxorubicin-induced mitochondrial dysfunctions as well as the HNE-protein adductions. Together, the results demonstrate that free radical-mediated alteration of energy metabolism is an important mechanism mediating DOX-induced cardiac injury, suggesting that metabolic intervention may represent a novel approach to preventing cardiac injury after chemotherapy.
oxidation of the DOX-semiquinone radical to the DOX-quinone form leads to the generation of a highly reactive superoxide, which can be further involved in the production of a variety of ROS, including OH d , ROO d , ONOO À , ROOH, and H 2 O 2 [5] .
ROS are highly reactive with biomolecules, including lipids, proteins, carbohydrates, DNA, and RNA, and lead to cellular dysfunction [6] . A major source of ROS-mediated injury is lipid peroxidation, the reaction of ROS with the polyunsaturated fatty acids of lipid membranes. Lipid peroxidation generates a number of cytotoxic and highly reactive by-products such as aldehydes, alkenals, and hydroxyalkenals. Among lipid peroxidation products, 4-hydroxy-2-nonenal (HNE) is the most abundant [7] . HNE readily reacts with proteins and, at higher concentrations, with DNA [8, 9] . HNE has a high affinity for and covalently attaches to Cys, His, and Lys residues by the Michael addition [10] , which leads to dysfunction in the target proteins linked to intracellular signal transduction, aging, and many human diseases.
Cardiomyocytes have more mitochondria, in both number and volume, than other cells, and they are the most active cells with regard to the oxidative phosphorylation that is required for their energy needs [11] . The complex that DOX forms with cardiolipin, which resides in the mitochondrial inner membrane [12] , places DOX in close proximity to the mitochondrial electron transport chain. The redox cycling of DOX is mediated through its interaction with NADH dehydrogenase (complex I) of the mitochondrial electron transport chain (ETC) [13] . Thus, active mitochondria are both important sources and primary targets of DOX-induced ROS. Multiple studies indicate that mitochondrial dysfunction is a key factor in the process of DOX-induced pathogenicity [14] [15] [16] . Studies utilizing tissue samples from patients receiving DOX reveal histopathological evidence that suggests disruption of mitochondrial structure and membranes [17] ; similar observations were made in animal models and in cells in vitro [8, 18] .
HNE-protein adductions play important roles in regulating the function of proteins that may lead to cellular dysfunction. In this study, we used two-dimensional (2D) electrophoresis and redox immunochemistry analysis followed by mass spectrometry and interrogation of protein databases to identify eight HNE-adducted proteins in mouse heart mitochondria after DOX treatment. We then verified the consequences of HNE adduction on the functions of those proteins via enzymatic activity assays as well as on mitochondrial function.
Materials and methods

Materials
Doxorubicin was obtained from Bedford Laboratories (Bedford, OH, USA). Succinate dehydrogenase [ubiquinone] flavoprotein subunit (SDHA), dihydrolipoyl dehydrogenase (DLD), and fumarate hydratase (FH) antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). MnTnBuOE-2-PyP 5 þ (MnP) was produced by Dr. Ines Batinic-Haberle of the Department of Radiation Oncology, Duke University. N-acetylcysteine (NAC) and ATP synthase antibody were purchased from Sigma (St. Louis, MO, USA). NADH dehydrogenase [ubiquinone] iron-sulfur protein 2 (NDUFS2) and HNE antibodies and complex I and ATP synthase activity assay kits were purchased from Abcam (Cambridge, MA, USA); H9C2, a neonatal rat heart cell line, was from the ATCC (Manassas, VA, USA).
Animal treatment and mitochondrial isolation
All animals were housed in the University of Kentucky Animal Facility and experiments were conducted using procedures approved by Institutional Animal Care in accordance with the NIH Guide for the Care and Use of Laboratory Animals. In-house bred, 9-week-old, male, C57BL/6 mice were treated with a single dose of 20 mg/kg DOX or saline via intraperitoneal injection. Seventy-two hours after injection, mice were euthanized.
Heart mitochondria were isolated as described previously [19] . Briefly, freshly isolated hearts were washed in ice-cold isolation buffer (0.225 M mannitol, 0.075 M sucrose, 1 mM EGTA, pH 7.4) and homogenized at 500 rpm with a chilled Teflon pestle for 10 strokes in isolation buffer. The homogenate was centrifuged at 480 g at 4 1C for 5 min in a Sorval SS 34 rotor. The resulting supernatant was filtered through double-layered cheesecloth and centrifuged at 7700 g at 4 1C for 10 min. The pellet was washed twice by gentle resuspension in 3 ml isolation buffer and centrifuged at 7700 g at 4 1C for 10 min. The resulting mitochondria were either used or frozen in liquid nitrogen for further analysis. The purity of mitochondria was examined using lamin A (nuclear protein) and IκB-α (cytoskeletal protein) on Western blot.
Total protein-bound HNE detection
The levels of total protein-bound HNE were determined in the Free Radical Biology in Cancer Shared Resource Facility (FRBC SRF) at the University of Kentucky. The mitochondrial samples (pellets)
were thawed and resuspended in a small volume (75-150 μl) of ice-cold homogenization buffer (0.32 M sucrose, 10 mM Hepes, pH 7.4, 2 mM EDTA, protease inhibitors). Five microliters of the homogenized sample was mixed and diluted with an equal volume of 12% SDS. Samples were further denatured with 10 μl of modified Laemmli buffer (0.125 M Trizma base, 4% SDS, and 20% glycerol) for 20 min at room temperature. Next, 250 ng of the derivatized protein was loaded in each slot (48-well slot format Bio-Dot SF apparatus with nitrocellulose membranes, pore size 0.2 μm, Bio-Rad, Hercules, CA, USA). The antibody reaction was developed using 5-bromo-4-chloro-3-indolyl phosphate in conjunction with nitroblue tetrazolium. The immunodetection was performed by using 1:5000 anti-4-hydroxynonenal antiserum (Alpha Diagnostic International, San Antonio, TX, USA) and goat 1:7500 anti-rabbit IgG (Sigma-Aldrich) antibody for the secondary detection. The nitrocellulose membranes were scanned by photo scanner (Epson Perfection V600, Long Beach, CA, USA), and slotblot line densities were quantified by the ImageQuant TL software package (GE Healthcare Bio-Sciences, Piscataway, NJ, USA).
Two-dimensional gel electrophoresis and protein mass spectrometry studies
Two-dimensional gel electrophoresis was performed in the core facility of FRBC SRF using a protocol similar to that previously described [20] . Briefly, a duplicate amount (150 mg protein) of each isolated mitochondrial sample underwent trichloroacetic acid precipitation and rehydration in 2D gel rehydration medium (8 M urea, 2 M thiourea, 2% Chaps, 0.2% biolytes, 50 mM dithiothreitol, bromophenol blue dissolved in deionized water and made fresh before use). Samples were separated according to their isoelectric point using 11-cm, pH 3-10, immobilized pH gradient (IPG) strips, using an isoelectric focusing cell system (Bio-Rad) for the first-dimension separations. For each sample we produced two identical IPG strips with an equal amount of initial protein. After the proteins were separated in the first dimension, every pair of IPG strips was separated according to its molecular migration rate in one gel running box (each box ran two gels simultaneously) with precast Criterion XT 8-16% Bis-Tris gel w/Mops for the second-dimension separations. All gels ran under constant voltage (200 V) for 65 min. The "twin" gels from each sample were handled as follows: one twin gel was stained with Sypro ruby stain (Bio-Rad) for total protein and the second twin gel was transferred to nitrocellulose and probed with the same antibodies/ developer system as for the slot blots. Images of the twin spots from each couple (2D gel-HNE 2D blot) were processed with PDQuest 2-D analysis software (Bio-Rad) for each group to create master images. Optical densities of the master images for the individual spot signals were analyzed by calculating the average differences in the intensities between the gel spot and the corresponding HNE spot signal from the twin blot. Next, the ratiometric values were converted to a log scale and two-tailed t test, assuming unequal variances to identify the spots of the highest statistical significance. After all spots of interest were carefully mapped, gel plugs containing the selected proteins were cut. Each gel plug was trypsinized and peptides were cleaned with ZipTip (Millipore Corp., Bedford, MA, USA) procedures before the liquid chromatography-mass spectrometry analysis.
All mass spectra data reported in this study were acquired from the University of Louisville Mass Spectrometry Facility using nanospray ionization with tandem mass spectrometry (MS/MS) as described previously [21, 22] . MS/MS spectra were searched against the International Protein Index (IPI) database using SEQUEST. IPI accession numbers were cross-correlated with SwissProt accession numbers for final protein identification.
Immunoprecipitation and immunoblotting
Animal heart tissues were homogenized with a chilled Teflon pestle in RIPA buffer (50 mM Tris-HCl, pH 7.9, 1% NP-40, 0.1% SDS, 150 mM NaCl, 1 mM EDTA, protease inhibitor cocktail, Calbiochem, Billerica, MA, USA), incubated for 30 min on ice, and then centrifuged for 10 min at 16,000 g. The supernatant containing 250 mg of protein in 0.5 ml RIPA buffer was precleaned with protein G-conjugated agarose beads (GE Healthcare, Cincinnati, OH, USA). HNE (2 mg), or mouse IgG antibody as control, was added. After overnight incubation at 4 1C, 40 ml of protein G-conjugated agarose beads was added and incubated for 1 h at 4 1C. The beads were washed four times with RIPA buffer and resuspended in 60 ml of Laemmli buffer. The immunoprecipitated samples were run on SDS-PAGE gels and blotted with specific antibodies at 1:1000 dilution. Western blots were prepared using the same protocol as described previously [23] . H9C2 cells were pretreated with 20 mM MnP for 1 h and then with 0.1 mM DOX and the same concentration of MnP for 3 days. The cell lysate was used for immunoprecipitation as described above.
Enzyme activity assays
ATP synthase and complex I activity was analyzed using the ATP synthase microplate kit and complex I activity kit (Abcam), respectively, following the manufacturer's protocols. Briefly, mitochondrial membrane proteins were isolated and immunocaptured in the wells of the microplate. The ATP synthase activity was measured by monitoring the conversion of ATP to ADP by ATP synthase coupled to the oxidation reaction of NADH to NAD þ with a reduction in absorbance at 340 nm. The complex I activity was measured by following the oxidation of NADH to NAD þ and the simultaneous reduction of a dye that leads to increased absorbance at 450 nm. The DLD protein activity was measured by DLD-catalyzed NAD þ -dependent oxidation of dihydrolipoamide as described by
Yan et al. [24] . Briefly, 2 mg of mitochondrial extract or 100 mg of cell lysate was mixed in 200 μl of total reaction volume with 100 mM potassium phosphate, pH 8.0, 1 mM EDTA, 0.6 mg/ml bovine serum albumin, and 3 mM NAD þ . The reaction was initiated by the addition of 3 mM dihydrolipoamide and measured at a wavelength 340 nm for 5 min.
SDHA activity was measured using a procedure [25, 26] modified by our lab. Five micrograms of homogenized mitochondrial protein or 50 mg of H9C2 cellular protein in 200 ml of H 2 O was mixed with 200 ml of reaction buffer (0.1 M potassium phosphate, pH 7.4, 0.1 M sodium succinate, 0.05 M sucrose) containing freshly added 1 mg/ml p-iodonitrotetrazolium violet (Sigma). The blank was prepared without sodium succinate. The reaction was incubated at 37 1C for 20 min, stopped with 400 ml of 5% trichloroacetic acid, and extracted with 0.8 ml of N-butanol. After centrifugation at 1000 rpm for 5 min, 200 ml of the upper layer was transferred to a 96-well plate and measured at OD 490 nm.
Mitochondrial function measurements
Oxygen consumption in cells and mitochondria was determined using the Seahorse extracellular flux (XF-96) analyzer (Seahorse Bioscience, Chicopee, MA, USA). To allow comparison between experiments, data are presented as oxygen consumption rate (OCR) in pmol/min/mg protein and extracellular acidification rate (ECAR) in mpH/min/mg protein. H9C2 cells were treated with various concentrations of DOX or saline for 48 h, trypsinized, and reseeded at 45,000 cells per well in triplicate under the same treatment conditions used in the Seahorse Bioscience XF microplates with glucose. After 24 h, basal OCR was measured four times and plotted as a function of cells under the basal condition followed by the sequential addition of oligomycin (1 μg/ml), FCCP (1 μM), antimycin (2 mM), and rotenone (1 mM), as indicated. Freshly isolated mitochondrial samples were plated at 3 μg per well in triplicate and immediately measured using the Seahorse analyzer. The progress curve is annotated to show the relative contributions of basal, ATP-linked, and maximal oxygen consumption after the addition of FCCP and the reserve capacity of the samples.
For the ECAR measurements, cells were washed and resuspended in assay medium lacking glucose. Basal ECAR was measured four times and plotted as a function of cells under basal conditions followed by the sequential addition of glucose (25 mM), oligomycin (1 mg/ml), and 2-deoxyglucose (2-DG; 25 mM), as indicated. The progress curve is annotated to show the relative contributions of glycolysis, glycolytic capacity, and glycolytic reserve of the cells.
WST and dichlorofluorescein (DCF) assays
Cells were plated at 6000/well or 2500/well for DCF or WST, respectively, in a 96-well plate, and pretreated with either 20 mM MnP or 1 mM NAC for 1 h, followed by treatment with either 0.1 or 0.25 mM DOX and the same concentration of MnP or NAC for 3 days (WST assay) or 1 h (DCF assay). WST assays were performed by following the manufacturer's instructions (Biovision, Mountain View, CA, USA). DCF assays were performed as previously described [27] . Briefly, after treatment, cells were incubated with 10 mg/ml carboxy-2 0 ,7 0 -dichlorodihydrofluorescin diacetate (carboxy-H 2 DCFDA, sensitive to oxidation, Invitrogen) and 1 mg/ml oxidized carboxydichlorofluorescin diacetate (carboxy-DCFDA, insensitive to oxidation, Invitrogen) in phosphate-buffered saline/2% fetal bovine serum at 37 1C for 20 min. The fluorescence in cells preloaded with carboxy-H 2 DCFDA was normalized to that in cells preloaded with carboxy-DCFDA (ratio of H 2 DCFDA/DCFDA) to control for the cell number, dye uptake, and ester cleavage differences between different treatment groups.
Statistical analysis
The samples used for 2D gel analysis, total HNE-adducted protein detection, and protein activity assays were n Z 6. The experiments were conducted at least three times to verify the reproducibility of the findings. Statistical analyses were carried out with Statistical Analysis System software (SAS Institute, Cary, NC, USA) and P values were calculated using the Student t test.
Results
Quantification of total HNE-bound protein and detection of specific proteins adducted by HNE in mitochondria
We isolated mitochondria from 9-week-old male C57BL/6 mice at 72 h after a single injection of DOX at 20 mg/kg (n Z 6). First, we checked the expression of the total HNE-adducted protein in mitochondria by using a slot-blot apparatus and blotting with HNE antibody. The results showed that the total HNE-bound protein level was significantly increased, by 70.4%, in the mitochondria from mice treated with DOX vs saline (Fig. 1) .
The same samples were used for detection of individual HNE-adducted proteins by 2D gel analysis (saline or DOX treated, n ¼ 6). Each sample was separated using two 2D gels. One set of the gels was stained for visualization and quantification of proteins and the other was transferred onto nitrocellulose and was immune-detected with HNE antibody (Fig. 2) . The specific HNE level for each protein was calculated as the ratio of the HNE level on the membrane to the protein level on the gel. Eight spots with the biggest average difference between saline and DOX treatments were identified, excised, and analyzed by mass spectrometry. As illustrated in Table 1 , the mass spectrometry-identified proteins were ATP synthase subunit β (ATP5B), DLD, SDHA, NDUFS2, FH, trifunctional enzyme subunit α (HADHA), creatine kinase S-type (CKMT2), and 3-oxoacid-CoA transferase 1 (Oxct1).
Under basal aerobic conditions, heart muscle gets 60% of its energy from fat, 35% from carbohydrates, and 5% from amino acids and ketone bodies [28] . Among the identified proteins, HADHA is a subunit of the mitochondrial trifunctional protein, which catalyzes the last three steps of mitochondrial β-oxidation of long-chain fatty acids. Octx1 plays a central role in ketone body catabolism by catalyzing the reversible transfer of coenzyme A from succinylCoA to acetoacetate. CKMT2 is responsible for the transfer of high-energy phosphate from mitochondria to the cytosolic carrier creatine. The HADHA protein has been reported as being modified by HNE in the ventilator muscles of rats after lipopolysaccharide (LPS) induction [29] and its function was reduced after DOX treatment in rat and mouse [30, 31] . Interestingly, the other five proteins directly participate in the TCA cycle, a system critical for the maintenance of cardiomyocyte function [32, 33] . Therefore, in this study we focused on the five TCA cycle component proteins.
Verification of HNE adduction by immunoprecipitation and examination of expression levels of the HNE-adducted proteins by Western blot analysis
To verify HNE adduction to the proteins, we performed immunoprecipitation with HNE antibody followed by Western blot analysis with specific antibodies to each of the five proteins. In these experiments, we used whole-heart homogenates from mice treated with saline or DOX for 3 days. The data demonstrate that ATP5B, DLD, SDHA, and NDUFS2 were immunoprecipitated by HNE antibody but not by the control IgG antibody (Fig. 3A) . However, we were unable to immunoprecipitate FH protein with HNE antibody (data not shown). Our results confirm that ATP5B, DLD, SDHA, and NDUFS2 were modified by HNE.
To further verify whether HNE adduction of the proteins is due to DOX-induced ROS, we performed immunoprecipitation on H9C2 cells treated with DOX in the presence or absence of 20 mM MnP. MnP is an optimized superoxide dismutase (SOD) mimetic, which mimics well the thermodynamics and kinetics of the catalysis of superoxide dismutation by SOD. It further is a lipophilic analog that has enhanced mitochondrial accumulation, but reduced cellular toxicity [34] [35] [36] [37] . As shown in Fig. 3B , the MnP treatment protected the proteins from HNE adduction.
To investigate whether DOX treatment would alter the expression level of the four identified proteins, Western blot analysis was performed on mouse whole-heart homogenates as well as mitochondrial homogenates. As demonstrated in Fig. 4A , the protein expression levels were not affected by DOX treatment in either whole heart or mitochondrial homogenates. To further verify the results, we performed Western blot analysis on H9C2 cell extracts (Fig. 4B) . The cells were treated with 0.1 or 0.25 mM DOX for 72 h. Our H9C2 data support the finding that DOX treatment did not change the expression levels of the proteins in mice.
Examination of enzyme activity
HNE modification of proteins often leads to altered protein activity [38, 39] . Therefore, we next checked the activity of the individual proteins.
Mammalian mitochondrial complex I is composed of at least 43 different subunits. The NDUFS2 subunit is the third largest subunit, located in the extramembranous part of complex I, near the membrane domain [40] . Disruption of this subunit results in the complete absence of the peripheral arm of complex I and in mitochondrial complex I deficiency [40] . Because the NDUFS2 subunit is a component of complex I, we measured the complex I activity. The level of complex I activity was reduced by 36% in mouse mitochondrial homogenates after DOX treatment and 77% in H9C2 cell extracts with 0.1 mM DOX treatment. The reduced activity in H9C2 cells treated with DOX was dose dependent (data not shown). SDHA encodes a major catalytic subunit of succinate-ubiquinone oxidoreductase in complex II located in the inner mitochondrial membrane. It also participates in the TCA cycle, catalyzing succinate to fumarate conversion. Our results show that the SDHA activity in mouse heart mitochondrial homogenates and H9C2 cell extracts dropped 17.4 and 51.8%, respectively, after DOX treatment (Fig. 5B) . ATP synthase subunit β is an enzyme encoded by the ATP5B gene, one of the five subunits in the catalytic portion of complex V. The enzyme synthesizes ATP from ADP in the presence of a proton gradient across the mitochondrial inner membrane generated by the electron transport chain. In this experiment, we used the ELISA-based ATP synthase activity kit, which first captures the ATP synthase complex in the reaction wells and then measures the activity by oxidation of NADH to NAD þ . Our measurements show that ATP synthase activity was reduced by 27.4% in H9C2 cells treated with DOX and 44% in mitochondrial homogenates (Fig. 5C ). DLD is a flavoprotein encoded by the DLD gene. The enzyme is a component in the α-ketoglutarate dehydrogenase complex, which catalyzes the decarboxylation of α-ketoglutarate into succinyl-CoA in the TCA cycle, and the pyruvate dehydrogenase complex, which catalyzes pyruvate to acetyl-CoA before the TCA cycle. The DLD activity was determined by measuring NAD þ -dependent oxidation of dihydrolipoamide [24] . We used heart mitochondrial homogenates and H9C2 cell extracts treated with saline or DOX. The activity of DLD was reduced by 28.5 and 75.1%, respectively (Fig. 5D) .
Examination of mitochondrial function
Our results show that DOX treatment reduced the activities of several enzymes in the TCA cycle. To determine whether HNE adduction of the proteins in mitochondrial complexes is related to mitochondrial dysfunction, we examined mitochondrial function by using a Seahorse extracellular flux (XF-96) analyzer. We assessed OCR on isolated crude mitochondria from mice, as well as OCR and ECAR from H9C2 cells treated with DOX.
OCR measures oxygen-dependent mitochondrial respiration. Oligomycin injections inhibit ATP synthesis by blocking ETC complex V, which distinguishes the oxygen consumption devoted to ATP synthesis from the oxygen consumption required to overcome the natural proton leak across the inner mitochondrial membrane. The injection of FCCP decouples ATP synthesis and hydrogen ion transport, leading to rapid consumption of energy and oxygen (mitochondrial maximal capacity) without the generation of ATP. FCCP treatment is also used to calculate the reserve oxygen consumption capacity of mitochondria under stress conditions [32, 41] . The reserve capacity was calculated with the difference between maximal OCR and basal OCR. Rotenone and antimycin were used to inhibit the function of complexes I and III, respectively. The application of the two drugs completely inhibited the function of the ETC.
These experiments used freshly isolated mouse mitochondria after 3-day treatment with DOX and H9C2 cells treated with DOX for 3 days. The results showed reduced basal oxygen consumption that was consistent with our discovery of damaged complex I. As expected, the significantly reduced OCR in ATP-linked maximal capacity as well as reserve capacity after DOX treatment supports our findings of deficiency in complex II and V activities (Fig. 6A  and B) . The DOX effect was dose dependent in H9C2 cells. As shown in Fig. 6C , treating mice with MnP prevented DOX-induced damage in mitochondrial respiration.
ECAR measures extracellular acidification rate generated from glycolysis independent of oxygen. We also assessed the differences in glycolysis-induced ECAR among the samples. The measurement after injection of oligomycin represents glycolytic reserve. The injection of 2-DG, a glycolysis inhibitor, shut down the entire glycolytic process. The results of extracellular proton flux reveal that DOX-treated H9C2 cells showed a significant increase in extracellular acidification rates in glycolysis and glycolytic reserve (Fig. 6D) , suggesting that these cells exhibited enhanced glycolysis. 
Assessment of ROS generation by treatment of DOX with or without two different classes of redox-active compounds
Elevated ROS in cells is considered one of the major mechanisms of DOX-induced toxicity. HNE is one of the most active lipid peroxidation products generated via ROS-mediated injury. We next did a DCF assay to check the ROS levels in DOX-treated H9C2 cells in the presence or absence of antioxidants. As shown in Fig. 7A , 0.1 or 0.25 mM DOX treatment rapidly (after 1 h) induced normalized carboxy-H 2 DCFDA fluorescence, a general indicator of cellular ROS level. Moreover, MnP or NAC treatment significantly reduced cellular ROS level upon DOX treatment. Our results also suggest that DOX-induced elevation of cellular ROS is a relatively early event.
Cardiomyocytes have a high number of mitochondria and their function depends heavily on mitochondrial respiration. We next did a WST assay to determine the survival of H9C2 cells treated with DOX with or without antioxidants. The results show (Fig. 7B ) that 20 mM MnP or 1 mM NAC partially but significantly protected the survival of H9C2 cells treated with DOX at 0.25 mM concentration. However, MnP, but not NAC, significantly reduced cardiomyocyte death at lower DOX concentrations. These results suggest that redox-active compounds, able to reduce levels of reactive species via their antioxidative actions, play an important role in the attenuation of DOX-induced toxicity in vitro.
Discussion
This study is the first global approach to identify specific HNE-adducted proteins associated with the TCA cycle and ETC chain after DOX treatment in mice. We chose to use a single high dose (20 mg/kg) of DOX, which is equivalent to a high-dose single injection in cancer patients, such as those with small-cell lung cancer [42] , and has been used in a variety of animal models [23, 43, 44] . In our previous studies, we observed mitochondrial ultrastructural damage 5 days after this treatment [45] . Rosenoff et al. [43] also reported cardiomyopathy in mice 4 days after this dosage, which is similar to the delayed DOX-induced cardiomyopathy noted in humans.
At least 20% of cardiomyocyte volume is composed of mitochondria in human and 32% in mouse [46, 47] , enabling efficient energy production via oxidative phosphorylation. At basal metabolic rates, more than 95% of energy that sustains cardiac function and viability is derived from aerobic metabolism [28] . Damaged oxidative phosphorylation in mitochondria can lead to reliance on anaerobic glycolysis, which may provide a short-term solution, but prolonged dependence most likely results in a severe energy deficiency that ultimately creates a bioenergetics crisis and leads to cardiac failure [14] .
Our data are consistent with those observed for the HNE adduction of proteins in diabetes and cardiovascular diseases, such as ischemic heart and congestive heart failure [48] [49] [50] . It has been reported that treatment of isolated crude animal mitochondria by HNE induces mitochondrial respiration deficiency [41, [49] [50] [51] . HNE modification of SDHA [52] , DLD [29] , and ATP5B [53] as well as NDUFS2 [54] has been identified in vitro or in vivo under oxidative conditions by various researchers. However, the exact proteins modified by HNE in mitochondrial respiration after DOX or HNE treatment have not been reported. Using global analysis, we found that several major HNE-adducted proteins were involved in the TCA cycle and ETC (Fig. 8) . In addition, we show that the activities of complexes I, II, and V were decreased by DOX. Furthermore, our bioenergetics results demonstrate that mitochondrial oxidative respiration was severely damaged and glycolysis was increased after DOX treatment, suggesting a shift of energy production in the damaged hearts. Mitochondrial complex I is a multisubunit protein complex and an entry point for electrons into the respiratory chain in mitochondria. Mutations of the NDUFS2 gene are associated with mitochondrial complex I deficiency and cardiomyopathy [55] . Complex I is also a major source of cellular ROS and one of the three major DOX metabolism pathways [56] . The semiquinone to quinone cycling of DOX is carried out in complex I, which leads to the formation of superoxide and other ROS products [14, 57] . This laboratory and others have reported decreased complex I activity after DOX treatment [4, 44, 58, 59] . Our current results extend these findings and demonstrate, for the first time, that the NUDSF2 subunit is adducted by HNE after DOX treatment, suggesting that this adduction may be a cause of DOX-induced complex I deficiency. There are seven Fe-sulfur protein subunits in mitochondrial complex I. The differential susceptibility of these proteins to oxidative modification upon DOX treatment is not clear. NUDSF2 and NUDFS7 are the membrane-proximal subunits of the seven and the last proteins in the electron transport sequence in complex I. It is possible that the relative positions of these Fe-sulfur proteins to the membrane may play a role in modification by a lipid peroxidation product such as HNE. , oligomycin (1 μM), and 2-deoxyglucose (100 mM) provided ECAR associated with glucose consumption. Glycolysis was defined as ECAR after the addition of D-glucose. The glycolytic capacity, defined as ECAR after the addition of oligomycin, and glycolytic reserve capacity, defined as the difference in ECAR after the addition of oligomycin after the addition of 2-DG, were calculated and plotted.
SDHA is one of the four subunits in ETC complex II and participates in the TCA cycle to catalyze succinate to fumarate conversion. Lashin et al. [60] have reported that complex II activity was reduced in diabetic rat hearts and identified one of the subunits in complex II as having been modified by HNE. Defects in SDHA cause cardiomyopathy dilated type 1GG (CMD1GG) [61] . CMD1GG is a disorder characterized by ventricular dilation and impaired systolic function, resulting in congestive heart failure, which shares a pathology similar to DOX-induced cardiac damage. Our previous study in DOX-treated mouse heart tissue also demonstrates a decline in complex II activity after DOX treatment, but the protein responsible for the defective complex II activity was unknown. In the current study, we identify SDHA as a HNEmodified protein in complex II, suggesting that HNE adduction of SDHA may contribute to the reduced function of complex II in both mouse mitochondria and H9C2 cells treated with DOX.
ATP synthase/complex V synthesizes ATP from ADP by phosphorylation in the presence of oxygen and a proton gradient across the membrane. Complex V is composed of two structural domains, F(1), which contains the extramembranous catalytic core, and F(0), which contains the membrane proton channel. ATP5B is one of the five subunits in F(1). DOX has been shown to inhibit the F0F1 proton pump of mitochondria [62, 63] , but the exact target for the effect of DOX remains unknown. In this study, we demonstrate that ATP5B is adducted by HNE and that ATP synthase complex activity was reduced after DOX treatment, suggesting ATP5B to be the target for DOX-mediated inactivation of F0F1 function.
DLD is a component of the pyruvate dehydrogenase complex (catalyzing pyruvate to acetyl-CoA), the α-ketoglutarate dehydrogenase complex (catalyzing α-ketoglutarate to succinate) in the TCA cycle, and the branched-chain α-keto acid dehydrogenase complex (involved in the breakdown of amino acids-leucine, isoleucine, and valine). The enzyme is redox sensitive [24] and has two redox-reactive cysteine residues at its active center that are indispensable for its catalytic function [64] . It has been reported that DLD was modified by HNE in the ventilatory muscles of rats after LPS treatment [29] . Our finding that HNE adduction of DLD is associated with the impaired activity of this protein is consistent with the decline in oxidative metabolism of cardiac tissue after DOX treatment.
In our mitochondrial function study, the oxygen consumption rate was significantly reduced by DOX. It is worth mentioning that our data demonstrate that DOX reduces basal oxygen consumption, which differs from other reports showing that stress overload as well as ischemia in isolated cardiomyocytes results in increased basal oxygen consumption [65] . However, this reduction is consistent with the DOX-induced damage to complex I and defective ETC activity. Thus, stress overload and DOX-induced effect might have different outcomes.
DOX, though an older chemotherapeutic drug, remains in active use for cancer treatments, despite its known cardiac toxicity, because of its therapeutic efficacy [1] . Although attempts have been made to develop newer analogs that are less cardiotoxic, the resulting products are not as efficient as DOX [1] . Thus, identification of selective targets in DOX-induced cardiotoxicity may lead to potential therapeutic interventions. In addition to DOX, nearly 50% of the current FDA-approved anticancer drugs are known to generate ROS [66] . Thus, the cardiovascular side effects of DOX may share common mechanisms with other anticancer drugs known to cause cardiac injury. We and others have previously shown that overexpression of antioxidant enzymes, such as manganese superoxide dismutase [45] and catalase [67] , can protect the heart from DOX cardiotoxicity in transgenic mice. It should also be noted that, whereas DOX causes oxidative stress via redox cycling of its quinone moiety and the consequent accumulation of ROS is well documented, it has been shown recently that DOX-induced DNA double-strand breaks by poisoning of topoisomerase 2β and transcriptome changes are responsible for defective mitochondrial biogenesis and ROS formation regardless of anthracycline redox cycling [68] . Thus, it is possible that the lipid peroxidation and protein adduction caused by HNE might be both the determinants and the consequences of mitochondrial dysfunction and cardiotoxicity. However, our DCF results show that DOX-induced ROS increase is rather an early event. Although classical antioxidants and ROS scavengers (such as NAC and vitamin E), usually very effective in acute DOX cardiotoxicity experiments, have failed in clinical trials, there were discrepancies in the concentrations/doses of antioxidants used in vitro and in vivo as well as their local concentrations in mitochondria [69] . Thus, the redoxactive compounds, which, like MnP, efficiently accumulate in mitochondria and are powerful scavengers of reactive species [70] should be considered for future clinical studies. The data obtained from this study provide specific markers for identifying and testing the cardioprotective effect of various antioxidants, mimetics, or agents that selectively protect against DOX-induced cardiac injury and would benefit a large number of patients.
